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ABSTRACT

This paper reports the phenomenon of acquired cross-
tolerance to oxidative stress in plants and investigates the
activity of specific Ca®> transport systems mediating this
phenomenon. Nicotiana benthamiana plants were infected
with Potato virus X (PVX) and exposed to oxidative
[either ultraviolet (UV-C) or H,0;] stress. Plant adaptive
responses were assessed by the combined application of a
range of electrophysiological (non-invasive microelectrode
ion flux measurements), biochemical (Ca**- and H*-ATPase
activity), imaging (fluorescence lifetime imaging measure-
ments of changes in intracellular Ca** concentrations),
pharmacological and cytological transmission electrone
microscopy techniques. Virus-infected plants had a better
ability to control UV-induced elevations in cytosolic-free
Ca” and prevent structural and functional damage of chlo-
roplasts. Taken together, our results suggest a high degree of
crosstalk between UV and pathogen-induced oxidative
stresses, and highlight the crucial role of Ca?* efflux systems
in acquired resistance to oxidative stress in plants.

Key-words: Ca®*/H* exchanger; Ca*-pump; chloroplast;
mesophyll; potato virus X; UV irradiation.

INTRODUCTION

Cross-tolerance is the synergistic co-activation of non-
specific stress-responsive pathways, referring to a situation
when an organism’s exposure to one stress increases its
tolerance to another (Sabehat, Weiss & Lurie 1998; Mittler
2006). This cross-tolerance can often go through biotic-
abiotic stress boundaries (Bowler & Fluhr 2000; Bostock
2005). Increased salinity tolerance was reported in tomato
plants in response to wounding (Capiati, Pais & Tellez-Inon
2006). Exposure of tobacco plants to ultraviolet (UV)-C
increased resistance to tobacco mosaic virus (Yalpani et al.
1994), and ozone treatment of Arabidopsis thaliana causes
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induced resistance to Pseudomonas syringae (Sharma et al.
1996). A crosstalk between pathogen infection and salinity
and oxidative stress in tomato was shown in a more recent
work by AbuQamar et al. (2009).

In most cases, induced cross-tolerance was attributed
to reactive oxygen species (ROS) production during the
so-called ‘oxidative burst’ — the rapid release of H,O, — and
is linked to plant responses to avirulent pathogens. It was
previously suggested that relatively low levels of ROS
can be used as signalling molecules to control abiotic
stress responses and this was responsible for modulation
of various cellular functions (Remacle et al. 1995; Pang &
Wang 2008). ROS may also serve as messengers for the
activation of defence genes (Dempsey, Shah & Klessig
1999). This assumes a broader role of ROS, in addition to
their well-known toxic effects (Apel & Hirt 2004). Although
the specific details of this control remain elusive, all
researchers are unanimous that Ca* signalling plays a key
role in this process.

The calcium ion is a ubiquitous signalling molecule in
plants (Hepler & Wayne 1985; Hetherington & Brownlee
2004). Anincrease in cytosolic-free calcium, [Ca?*]ey, couples
a diverse array of signals and receptors. Numerous plant
signal transduction pathways use Ca?* as an integral signal-
ling component (Sanders, Brownlee & Harper 1999).

Calcium fluxes are among the earliest responses to patho-
gen invasion. Elicitor-induced elevations in [Ca*']. were
reported during hypersensitive plant—-pathogen interactions
(Niirnberger et al. 1994; Blume et al. 2000; Lecourieux et al.
2002); these are believed to be essential for the develop-
ment of the oxidative burst needed to trigger the activation
of several plant defence reactions (Blumwald, Aharon &
Lam 1998; Lecourieux et al. 2002). On the other hand,
numerous reports of oxidative stress-induced elevation in
[Ca*].y are available in the literature (e.g. Pei et al. 2000;
Romani et al. 2004; Hu et al. 2007) and plasma membrane
Ca*-permeable channels have been shown to play a critical
role in oxidative stress signalling (Pei et al. 2000; Demidchik
etal. 2003; Mori & Schroeder 2004). Taken together,
these results suggest that interactions between calcium

1



2 S. Shabala et al.

metabolism and ROS may be crucial for controlling cross-
tolerance at the cellular level (Bowler & Fluhr 2000).

Although transient increases in [Ca*']. are essential
for plant responses to a variety of environmental stimuli,
long-lasting elevations in [Ca*']., are harmful for cells.
Hence, the basal conditions must be restored back to resting
level after the signal is completed, enabling cells to react
to further signals (Sanders et al. 1999; Beffagna, Buffoli &
Busi 2005). This subsequent re-establishment of [Ca*]qy to
resting levels is achieved by active Ca?* transport systems
such as Ca?* pumps and Ca?/H* antiporters (Sanders et al.
1999; White & Broadley 2003).

In animal systems, active Ca** efflux systems have been
widely implicated in oxidative stress responses (Jornot et al.
1999; Zaidi & Michaelis 1999). However, surprisingly little
is known about the involvement of Ca*" efflux systems in
oxidative stress responses in plant cells. Earlier, Romani
etal. (2004) showed that submicromolar concentrations
of eosin yellow (EY; a P-type Ca’*-ATPase inhibitor)
prevented both the increase in Ca** efflux and the transient
ROS accumulation in Egeria densa in response to abscisic
acid treatment. This result was explained by assuming
an important role of plasma membrane Ca®*-ATPase in
switching off the signal triggering ROS production. Another
report from the same group implicated plasma membrane
Ca?-ATPase activation in plant adaptation to osmotic
stress (Beffagna et al. 2005). Recently, an important role of
Ca?* efflux system in tobacco hypersensitive response to P.
syringae was established (Nemchinov, Shabala & Shabala
2008).

This paper investigates the role and specific identity of
transport systems mediating increased oxidative (UV-C)
stress tolerance acquired by Nicotiana benthamiana
plants infected with potato virus X (PVX). We show that
virus-infected plants have a superior ability to control
UV-induced elevations in cytosolic-free Ca** and prevent
structural damage of chloroplasts. We also provide evidence
for the critical role of plasma membrane Ca®* efflux systems
in this process.

MATERIALS AND METHODS
Plant material

Tobacco (N. benthamiana L.) plants were grown from seeds
in 2 L pots in a standard potting mix (Chen et al. 2005) at
25 °C with a 16 h light period in the containment green-
house facilities at United States Department of Agriculture
(USDA)/Agricultural Research Services (ARS), Beltsville,
MD (USA), at the University of Tasmania (Hobart, Austra-
lia) glasshouse, or at the Department of Plant Biology and
Biotechnology, University of Copenhagen (Denmark).
Fully developed 6- to 8-week-old excised leaves were used
for measurements.

Transcript preparation and inoculation of plants

PVX-based vector pP2C2S (a kind gift from D. Baulcombe,
Sainsbury Laboratory, Norwich, UK) incorporates a

bacteriophage T7 RNA polymerase promoter upstream
from the viral cDNA, which expedites production of infec-
tious viral transcripts. PVX plasmids were linearized with
restriction enzyme Spe I before the transcription, and
capped transcripts were generated in vitro from ~ 1 ug of
DNA template using Ambion’s T7 mMessage Machine kit
(Ambion, Austin, TX, USA) according to the manufactur-
er’s instructions. The transcription reaction was incubated
at 37 °C for 2 h and aliquots were evaluated on a 0.8%
agarose gel. Entire undiluted transcription reactions
(approximately 20-30 ug of RNA in 20 uL. of reaction
buffer) were mechanically rub inoculated onto fully
expanded three top leaves of 3-week-old N. benthamiana
plants dusted with carborundum. Mock controls were pre-
pared at the same time by infiltrating leaves with the buffer.
Plants were grown for a further 3-4 weeks (as described
above) before measurements were taken.

Sample isolation and UV-light treatments

Fully developed leaves were excised from either mock con-
trols or PVX-inoculated plants and brought in the lab in
sealed plastic bags. For electrophysiological and transmis-
sion electrone microscopy micrographs, the leaf epidermis
was gently removed with fine forceps, and mesophyll seg-
ments of about 4 x5 mm size were cut and left floating
(peeled side down) on a surface of the basic salt media
(BSM) solution (0.1 mm CaCl, + 0.2 mm KCI; pH 5.5 unbuf-
fered) as described elsewhere (Shabala, Babourina &
Newman 2000; Shabala et al. 2007) for about 3 h. At this
time, Petri dishes with floating mesophyll segments were
placed into HL-2000 Hybrilinker System (UVP, LLC,
Upland, CA, USA) and exposed to UV-C treatment
(254 nm; 0.1 Jcm™) for various lengths of time (10 to
150 min). Net Ca®* fluxes were measured either immedi-
ately (within 1-1.5 min) or 2 hours after UV-C exposure.

In chlorophyll fluorescence experiments, leaf segments
of ~ 20 x 20 mm, with the epidermis still attached, were cut
from excised leaves and left floating on the surface of a
small (35 mm diameter) Petri dish containing 5 mL of BSM
solution. The segments were exposed to UV-C (as above)
for various lengths of time, from 10 min to 12 h. Leaf seg-
ments were removed from the UV incubator, and left under
normal laboratory conditions for 2 h (still in the BSM solu-
tion). Chlorophyll fluorescence characteristics (F,, Fr, and
F.,/F,) were then measured using an OS-500 PAM fluorom-
eter (Opti-Sciences, Tyingsborro, MA, USA).

For biochemical analysis (ATPase assays), 15-20 g leaf
material was treated with either 0.1 or 1 J cm™ UV-C light
(Bio-Link crosslinker, Vilber Lourmat, Cedex 1, France) for
20 min while floating on MilliQ water and further left on
the table for 2 h at room temperature. As control, leaves
floating on MilliQ water were left on the table for 2 h and
20 min at room temperature before membrane purification.

Non-invasive ion flux measurements

Net Ca* and K* fluxes were measured non-invasively using
the microelectrode ion flux measuring technique (MIFE;
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UTAS Innovation Ltd, Hobart, Tasmania, Australia). All
details on microelectrode fabrication and calibration are
given elsewhere (Shabala & Newman 2000; Shabala et al.
2006b).

Appropriately treated mesophyll segments were immo-
bilized in a Perspex holder and placed in a measuring
chamber. Electrode tips were positioned 50 um above the
leaf surface under dim (20 umol s m=) microscopic light.
During measurement, electrodes were moved back and
forth in a square-wave manner by a computerized stepper
motor between two positions (50 and 120 ym above the leaf
surface) with 0.125 Hz frequency. Net ion fluxes were cal-
culated from measured differences in the electrochemical
potential between these two positions for each ion as
described earlier (Shabala et al. 2006a). Light treatment was
given using bright (2500 umol s m~) white light regimes
from inverted microscope (model RTC-6; Radical Instru-
ments, Ambala Cantt, India).

Tissue preparation for transmission
electron microscope

Leaf tissues were fixed for 2h at room temperature by
immersion in 2.5% glutaraldehyde/0.05 M NaCacodylate
buffer, pH 7.0 and then placed into a refrigerator at 4 °C
degrees overnight. This was followed by washing in a NaCa-
codylate buffer rinse, six times over 1 h, post-fixed in 2%
buffered osmium tetroxide for 2 h, dehydrated in EtOH
and infiltrated with Spurr’s low-viscosity embedding resin.
Furthermore, 60-90 nm silver—gold sections of the tissue
were cut on a Reichert/AO Ultracut microtome with a
Diatome diamond knife and mounted onto 400 mesh Ni
grids. They were stained with 4% uranyl acetate and 3%
lead citrate and viewed in a Hitachi H-7000 microscope at
75 kV.

Conventional confocal and fluorescence
lifetime imaging measurements

Calcium GreenTM AM (Ca-Green-AM, Molecular Probes,
Eugene, OR, USA) was used to quantify cytosolic-free Ca*
levels in control and PVX-inoculated plants before and
after UV-C exposure. All details on dye loading, fluores-
cence lifetime imaging (FLIM) calibration and measure-
ments and data analysis are available in our previous
publication (Guo, Babourina & Rengel 2009).

Pharmacology

Leaf mesophyll segments were pre-treated in a range of
known Ca? channels and Ca®* ATPase blockers for 1h
prior to UV exposure. The following chemicals were used:
La* (LaCls; 1 mm), Gd* (GdCls; 50 um), EY (0.5 um) and
erythrosine B (EB; 2 to 10 um).

Isolation of plasma membranes

Plasma membranes were isolated from tobacco leaves by
aqueous two-phase partitioning as previously described
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(Larsson, Widell & Kjellbom 1987) with minor modifica-
tions (Chen et al. 2007a). Between 15 and 20 g of tobacco
leaves were homogenized on ice in 70 mL homogenization
buffer [S0 mm 3-morpholino-propanesulfonic acid, 5 mm
ethylenediaminetetraacetic acid (EDTA), 0.33 M sucrose,
0.6% polyvinylpyrrolidione, 5 mm ascorbate, 5 mm dithio-
threitol (DTT) and 1 mm phenylmethylsulfonyl fluoride
(PMSF)], phosphatase inhibitors (25 mm NaF, 1 mm NaMo,
50 mm Na pyrophosphate) and pH adjusted to 7.5. Plasma
membrane fractions were isolated and resuspended in a
buffer containing 0.25 M sucrose, 10 mm Bis-Tris propane-4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH 7.5,
50 mm KCI, 1 mm EDTA, 1 mm DTT and 1 mm PMSEF. The
protein concentrations were determined according to Brad-
ford (1976) using y-globulin as a protein standard. The
membranes were frozen in liquid N, and stored at —80 °C.

ATPase assay

ATPase activity was determined as described in our previ-
ous publication (Bakgaard et al. 2006). Five micrograms of
membrane proteins in resuspension buffer were incubated
for 45 min at 25 °C in four buffers: (1) EGTA (no free Ca*");
(2) Ca (estimated free Ca?" concentration of 70 um); (3)
CaM (20 ug mL™! bovine brain; Sigma, St Louis, MO, USA);
and (4) Ca/CaM (70 um-free Ca* plus 20 ug mL™ CaM).
Free Ca®* concentrations were calculated using WEBMAX-
CLITE 1.15 software (maxchelator.stanford.edu; Patton,
Thompson & Epel 2004).

Measurement of proton transport by the
plasma membrane H*-ATPase

Proton transport was assayed as described previously
(Niittyla er al. 2007) by monitoring fluorescence quenching
of 9-amino-6-chloro-2-methoxyacridine, a dye that upon
protonation accumulates inside vesicles in an impermeant
form. The initial decrease in fluorescence correlates with
the amount of protons transported into plasma membrane
vesicles by the H*-ATPase.

Protein immunodetection and CaM
overlay assay

Expression levels and CaM binding of Pz Ca*-ATPases
in plasma membrane fractions were analysed by Western
blotting and CaM overlay assays, respectively. Forty
micrograms membrane proteins were precipitated with
trichloroacetic acid, separated by sodium dodecyl sulphate—
polyacrylamide gel electrophoresis (Laemmli 1970) and
immobilized on polyvinylidine difluoride membrane
(Millipore, Billerica, MA, USA). Immunodetection of
P Ca’-ATPases was performed using a non-isoform-
specific polyclonal antibody for Pos Ca**-ATPases with the
sequence: SDYRQSLQFRDLDRE (the antibody was a
kind gift from Prof M. Maeshima, Univ. Nagoya, Japan).
Bands were visualized with the 5-bromo-4-chloro-3-indolyl
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phosphate/nitroblue tetrazolium colour development
substrate (Promega, Madison, WI, USA). CaM binding to
P Ca*-ATPases was determined by CaM overlay assays
carried out as previously described (Schigtt ez al. 2004).

14-3-3 overlay assays were performed as described
previously (Fuglsang et al. 1999). Briefly, equal amounts of
plasma membrane protein were loaded on a regular sodium
dodecyl sulphate gel, blotted to a nitrocellulose membrane
and incubated with MRGSH6-tagged GF14-14-3-3 protein.
Bound 14-3-3 protein was subsequently detected immuno-
logically using a primary anti-RGSH6 antibody (Qiagen,
Valencia, CA, USA) followed by incubation with a
secondary anti-IgG antibody conjugated with alkaline
phosphatase. For detection of H*-ATPase, antibodies
raised against the C terminus (number 759) of plasma
membrane H*-ATPase were used (1:5000).

RESULTS

PVX-infected plants show better tolerance to
UV stress

Symptoms indicative of typical PVX infection on N.
benthamiana were first visible as distinct vein clearing 5-7 d
post-inoculation (dpi). Plants eventually became systemi-
cally infected and developed characteristic PVX symptoms
including vein clearing, green mosaic and general stunting
appearance within 10-14 dpi (Supporting Information
Fig. S1b). Over the next 15-20 d, they appeared to recover,
with no major difference observed in growth rate or
shoot biomass (Supporting Information Fig. S1d=25d
after inoculation; Supporting Information Fig. S1c = mock
control). At this stage, fully developed systemic leaves from
the PVX-infected plants as well as leaves similar in size
from mock controls were excised and exposed to various
doses of UV-C (254 nm; 0.1 J cm™2; duration from 10 min to
12 h). Chlorophyll fluorescence measurements were used to
assess the magnitude of UV stress damage to leaf photo-
synthetic machinery. Increased UV exposure caused a very
substantial and progressive decline in the maximal photo-
chemical efficiency of photosystem II (PSII) (estimated as
F,/F,, ratio) in both mock control and PVX-inoculated
leaves (Fig. 1). However, for most UV treatments, the UV
stress-induced decline in the F\/F;, ratio was significantly
(P <0.05) smaller in PVX-inoculated leaves compared
with the control, indicating less functional damage to PSII.
To a large extent, this reduction could be explained by
the greater UV damage to chloroplast structure in non-
inoculated leaves (Fig. 2). No substantial difference in the
chloroplast structure was observed between mock controls
and PVX-infected plants in the absence of UV stress (Fig. 2;
panels a and b, respectively). Increasing doses of UV radia-
tion progressively affected the regular pattern and shape
of thylakoids in control plants, reducing the number of
starch grains and increasing the amount of spherical
electron-dense granules. Chloroplasts looked swollen,
with their outer membrane often broken (Fig. 2¢,e). These
damaging effects of UV light were less pronounced in
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Figure 1. Maximal photochemical efficiency of photosystem II
(chlorophyll fluorescence F./Fy, value) of mock controls and
potato virus X (PVX)-inoculated leaves exposed to various doses
of ultraviolet (UV)-C radiation. Mean = SE (n = 6 to 20).

PVX-inoculated leaves (Fig.2d.f), with 20 min of UV-C
treatment causing no visible damage to chloroplast
structure (Fig. 2d).

PVX-infected plants show better tolerance to
H:0, treatment

Further experiments were conducted comparing responses
from mock control and PVX-inoculated mesophyll tissues in
response to acute and prolonged H,O, treatments. Similar to
previously published reports on Arabidopsis (Demidchik,
Shabala & Davies 2007), acute 5 mm H,O, treatment has
triggered a significant net Ca*" uptake into tobacco meso-
phyll cells (Fig. 3a). Peak net Ca*" influx was twofold higher
in mock controls (57 = 6.2 nmol m2s™') compared with
PVX-inoculated segments (27 = 5.1 nmol m=2s™) (signifi-
cant at P<0.05). At the same time, acute H,O, stress
also caused a pronounced K* efflux from mesophyll cells
(Fig. 3b); an efflux that was significantly (at P < 0.05) higher
in mock controls compared with PVX-inoculated samples
(111 £ 6.4 versus 79 = 4.9 nmol m2s™!). Similar results
were obtained for prolonged oxidative stress treatment
(24 h of 0.5 mm H,0,). PVX-inoculated leaves were actively
pumping Ca* out (net efflux), while mock controls were still
taking up Ca*. Potassium ‘leak’ from the cell was also much
(significant at P <0.05) attenuated in PVX-inoculated
leaves (Fig. 3¢).

Cytosolic Ca* levels are lower in PVX
inoculated plants under oxidative
stress conditions

To quantify the effects of PVX inoculation and UV-C expo-
sure on cytosolic Ca** concentrations, [Ca*].y, in tobacco
leaf mesophyll, conventional confocal and FLIM measure-
ments were undertaken. PVX-inoculated plants had
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Figure 2. Ultrastructure of chloroplasts from leaf tissues irradiated with ultraviolet (UV)-C light. C — mock control (top row); potato
virus X (PVX) — inoculated leaves (bottom row). The number after the code is duration of UV treatment in minutes (0, 20 and 150 min,

respectively).

intrinsically lower [Ca*]. values compared with control
(139 =9 and 209 = 15nM, respectively; significant at
P <0.05) (Fig. 4). Leaf exposure to UV-C caused a signifi-
cant elevation in [Ca®]y in both control and PVC-
inoculated plants. However, at all times, [Ca®"],, values
for PVX-inoculated plants were significantly lower than
appropriate controls (Fig. 4).

Active plasma membrane Ca? transporters
mediate plant adaptive responses to
oxidative stress

To explain the above results and distinguish between active
Ca* extrusion from the cell versus Ca®* sequestration in
organelles, net Ca** fluxes were measured non-invasively
using the MIFE technique. Twenty minutes of UV-C treat-
ment caused a dramatic increase in the magnitude of net
Ca®" uptake when measured immediately after UV stress
(grey circles in Fig. 5a), especially under the light condi-
tions. Two hours later, however, a significant (P < 0.01) net
Ca?* efflux was measured (grey triangles in Fig. 5a). As
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passive Ca?* leak from the cytosol is thermodynamically
impossible, such efflux cannot be attributed to the general
change in plasma membrane permeability and may be
explained only by the activation of some Ca** efflux (active)
system at the plasma membrane (e.g. either Ca?*-ATPases
or Ca>/H" exchanger; White & Broadley 2003).

The kinetics of Ca* efflux was strikingly different
between control- and PVX-inoculated leaves. Figure 5b
shows two typical examples for each treatment immediately
after 20 min of UV exposure. PVX-infected leaves (those
presumably with acquired ROS tolerance) reverted to net
Ca?" efflux within a few minutes after UV treatment ceased,
while for non-inoculated controls, it took much longer
(c. 15 min) to switch from net Ca*" uptake to Ca®* efflux
(Fig. 5b). This suggests that PVX-inoculated cells have
much better capacity to activate plasma membrane Ca"
efflux systems to deal with UV-induced elevation in
cytosolic-free Ca*" (Fig. 4), thereby preventing damage to
chloroplast structure (Fig. 2).

Further evidence for the involvement of active Ca
transport systems was obtained from pharmacological

2+
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Figure 3. Evidence for increased oxidative stress tolerance in
potato virus X (PVX)-inoculated leaves. Transient Ca** (a) and
K* (b) flux kinetics from tobacco mesophyll cells in response to
peroxide treatment (5 mm H,O, added at 5 min) are shown.
Mean = SE (n=5). Open symbols = WT (mock control); closed
symbols = PVX-inoculated plants. (c) steady-state Ca’*" and K*
fluxes from tobacco mesophyll cells after 24 h exposure to 0.5 mm
H,0,. Mean * SE (n =16 to 30).

experiments. Application of La* and Gd*, two known
blockers of Ca*-permeable plasma membrane channels,
has resulted in a significant shift towards net Ca*" efflux,
both in the dark and under light conditions (Fig. 6). This
further suggests that, under normal condition, channel-
mediated Ca®* uptake is balanced by the activity of some
plasma membrane-based Ca?* efflux system.

Plasma membrane Ca?/H* exchangers but not
Ca?**-ATPases mediate net Ca?" efflux under
oxidative stress conditions

To separate the different types of active Ca* transport
systems, experiments were conducted using two specific
inhibitors for Pyp-type Ca?*-ATPases: EB (Bush 1995) and
EY (Beffagna et al. 2005). Two hours of pre-treatment in
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Figure 4. Intracellular Ca** concentration in mesophyll cells of
control and potato virus X (PVX)-inoculated Nicotiana
benthamiana plants assessed by fluorescence life-time imaging
(FLIM) analysis. Leaf samples were exposed to ultraviolet
(UV)-C treatment for 20 min, and FLIM images were taken 30
and 60 min after the UV exposure. The colour range in the
pseudocoloured FLIM images is based on 1, lifetime of the long
component, measured for Ca-Green assuming a double
exponential decay for lifetime distribution for this dye. Values are
means * SE (n = 5-7). Statistical significance was estimated by
analysis of variance. Different letters indicate significant
differences at P = 0.05.

© 2010 Blackwell Publishing Ltd, Plant, Cell and Environment



(a)

b
a9
S
©
IS
< 204 —o—Control ——Immediately —— 2h after
5
(=
+
% —40
(@)
® —604
2 60
-80-
0
Time, min
(b)
]
100~
T 50 4
)
9
E 0 1
[
c -50-
X
= —100
& —— PVX#2
® —150
O —— PVX#1
% —200 1 —o— Cont#1
—o— Cont#2
—250 -
0 5 10 15 20

Time, min

Figure 5. (a) Time dependence of net Ca* fluxes from tobacco
mesophyll cells after ultraviolet (UV)-C exposure. Leaf samples
were exposed to UV-C treatment for 20 min, and net Ca’* fluxes
were measured in response to dark/light fluctuations either
immediately (within 1-2 min; closed circles) or 2 h after (closed
triangles) after the end of UV treatment. Leaf segments not
exposed to UV-C treatment were used as control (open circles).
Mean =+ SE (n =5 to 8). (b) Kinetics of net Ca® fluxes measured
from mock controls and potato virus X (PVX)-inoculated leaves
immediately after 20 min exposure to UV-C treatment. Two
typical examples for each treatment are shown. Note the time
difference between treatments when net Ca®* efflux becomes
evident.

either of these inhibitors had no significant (at P < 0.05)
impact on the magnitude of net Ca* fluxes from tobacco
mesophyll segments compared with appropriate control
(Fig. 6). This suggests that the plasma membrane Ca?-
ATPases play a limited (if any) role in mediating Ca?* efflux
under oxidative stress conditions. This conclusion is further
supported by measurements of Ca**-ATPase activity in
purified plasma membrane vesicles from tobacco leaves
(Fig. 7). These measurements were performed in four
different buffers: (1) EGTA (no free Ca?); (2) Ca*
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(estimated free Ca®* concentration of 70 um); (3) CaM
(20 ug mL™); and (4) Ca*/CaM (70 um-free Ca** plus
20 ug mL™" CaM). No significant (at P < 0.05) difference in
Ca**-ATPase activity was found between these buffers for
any of the four treatments used (mock control and PVX-
inoculated leaves = UV exposure) (Fig. 7). These findings
were further supported by Western blot using an antibody
known to recognize several P,z Ca®*-ATPases (CaM-
stimulated types) in Arabidopsis (Fig. 8c). Polypeptides
immunodecorated with this antibody corresponded in
molecular mass to polypeptides decorated in the CaM
overlay assay (8D). No noticeable difference was observed
in expression levels of plasma membrane Ca?"-ATPases or
in their potency to bind CaM (Fig. 8c,d). An alternative
active Ca?* efflux system, which could be responsible for the
observed net Ca* efflux shown in Figs 3 and 4, are plasma
membrane Ca>/H* exchangers (Kasai & Muto 1990), a less
defined system that is difficult to characterize due to the
absence of pharmacological or molecular tools to detect
them.

Plasma membrane H*-ATPase-catalysed proton
pumping increases in response to UV light and
viral infection

The plasma membrane H'-ATPase is an electrogenic
proton pump responsible for extracellular acidification
and establishment and maintenance of the membrane
potential (Palmgren 2001). Proton pumping by plasma
membrane H*-ATPases is readily assayed by measuring
intravesicular acidification of isolated plasma membrane
vesicles in response to the addition of ATP. Plasma mem-
brane vesicles isolated from plants pre-treated with UV
light had an increase in ATP-dependent proton pumping
of about 40% (Fig. 8a), whereas PVX inoculation gave
rise to a slightly less potent increase (Fig. 8a). The effects
of UV light and PVX inoculation were additive resulting
in an approximately doubling of the proton pumping
capacity of the vesicles (Fig. 8a). The amount of plasma
membrane H*-ATPase did not change accordingly to the
three different treatments (Fig. 8¢), nor did the amount
of 14-3-3 protein, which is capable of interacting with
plasma membrane H*-ATPase polypeptide (Fig. 8f).
This suggests that the plasma membrane H*-ATPase
has been activated at the post-translational level in a
manner not affecting the amount of 14-3-3 protein bound
considerably.

DISCUSSION

In this work, we demonstrated that infection of N.
benthamiana plants with PVX can ameliorate defence
responses against a subsequent oxidative stress, and
attribute this acquired cross-tolerance to differential regu-
lation of plasma membrane Ca®/H" exchangers between
control and PVX-inoculated mesophyll cells (as discussed
below).
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Amelioration of detrimental effects of oxidative
stress in PVX-inoculated plants

The deleterious effects of UV (mainly UV-B; 290-320 nm)
on plants have been extensively studied (Kerr & McElroy
1993; Teramura & Sullivan 1994), and significant impair-
ment of electron transport and a progressive decline in
maximum photochemical ability of PSII (Fv/Fm character-
istics) were observed (Van Hasselt, Chow & Anderson
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Figure 7. ATP hydrolytic activity of tobacco plasma mem-
branes in absence or presence of Ca®** and CaM, respectively.
Measurements were undertaken using purified plasma mem-
branes from tobacco mesophyll tissue in four different buffers:
(i) EGTA (free Ca®); (ii) Ca** (estimated free Ca®* concentra-
tion of 70 um); (iii) CaM (20 ug mL™); and (iv) Ca*/CaM

(70 um-free Ca plus 20 ug mL™! CaM). C, mock control; C-UYV,
control plants exposed to 20 min of 0.1 J cm™ ultraviolet
(UV)-C treatment; PVX, potato virus X (PVX)-inoculated
plants; PVX-UV, PVX-inoculated plants exposed to 20 min of
0.1Jcm™ UV-C. Mean * SE (n=4).

1996; Xiong 2001). This is consistent with our observations
for UV-C-exposed plants (Fig. 1).

At the ultrastructural level, UV-C stress caused a signifi-
cant disintegration of the chloroplasts structure (Fig.2),
consistent with other reports for UV-B-treated cells (He,
Huang & Whitecross 1994; Yu et al. 2005). However, UV
stress-induced damage to chloroplast ultrastructure and
photosynthetic machinery was much reduced in PVX-
inoculated leaves (Figs 1 & 2, respectively). This suggests
that tobacco mesophyll cells have acquired an improved
resistance to the UV-C stress as a result of their exposure to
the PVX virus. As argued below, better control over Ca*
efflux systems may be behind this acquired resistance.

Experiments were also conducted applying H,O, to
mesophyll cells from mock controls and PVX-inoculated
leaves. In both short- and long-term experiments, PVX-
inoculated plants showed a much reduced net Ca’* influx as
well as a better K* retention ability (Fig. 3). The latter can
be considered as a strong evidence for higher oxidative
stress tolerance in PVX-inoculated leaves. ROS production
is often named as a common denominator in plant stress
responses to variety of environmental factors such as salin-
ity, cold, pathogens, UV radiation, ozone, etc. (reviewed in
Mittler 2006). At the same time, massive K* efflux from
plant tissues has been reported in response to all these
stresses (e.g. Chen et al. 2005, 2007a,b — salt stress; Demid-
chik et al. 2003; Cuin & Shabala 2007; Shabala et al. 2007 —
oxidative stress; Saltveit 2002 — chilling; Blumwald et al.
1998 — pathogens). This efflux may be both a result of
ROS-induced lipid peroxidation (Mittler 2006) or direct
activation of K*-permeable plasma membrane channels
by ROS (Demidchik ez al. 2003). Such a massive K* leak
from the cell reduces the intracellular K* pool (Cuin et al.
2003) significantly impairing cell metabolism, increasing

© 2010 Blackwell Publishing Ltd, Plant, Cell and Environment
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Figure 8. Effect of ultraviolet (UV) treatment on expression
and activity of P-type H*-ATPases (a, ¢, f) and P,g-type
Ca%*-ATPases (c, d) in purified plasma membranes from tobacco
leaves (b) exposed to the following treatments: C, mock controls;
C-UV, mock controls treated with UV-light (20 min of 0.1 J cm™
UV-C); PVX = potato virus X (PVX)-infected plants;

PVX-UV =PVX-inoculated plants treated with UV-light (20 min
of 0.1 J em™ UV-C). (a) Proton pumping measured by the
quenching of 9-amino-6-chloro-2-methoxyacridine (ACMA)
fluorescence. The experiment shows the initial decrease in
fluorescence from three repetitions using 20 ug of the same
purification of plasma membranes; (b) Coomassie Brilliant
Blue-stained gel; (c) Western blot with a non-isoform-specific
polyclonal antibody for P,B Ca*-ATPases; (d) CaM overlay
assay; (e) Western blot detecting the plasma membrane
H*-ATPase; (f) Far-western analysis showing binding of
regulatory 14-3-3 protein to plasma membrane H*-ATPase.

The Western blots, CaM overlay assay and 14-3-3 binding
experiments were repeated on two independent plasma
membrane purifications.
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NADPH-dependent O, generation (Cakmak 2005) and
triggering programmed cell death (Huh ef al. 2002; Shabala
2009). It is therefore not surprising that a plant’s ability to
retain K* in the cell often is correlated with increased stress
tolerance (e.g. Chen et al. 2005, 2007a,b — salinity; Shamsi
et al.2008 — heavy metals; Vicente et al. 2006 — heat; Cakmak
2005; Srinivasan, Kumar & Kirti 2009 — oxidative stress). In
light of the above, the results shown in Fig. 3 suggest that
PVX-inoculated plants possessed higher oxidative stress
tolerance, which may explain their better adaptation to
UV-C conditions.

Better control over Ca*" efflux systems confers
the acquired oxidative stress tolerance

Calcium has been widely implicated as a second messen-
ger in UV-induced oxidative stress. Even millisecond
flashes of UV-B radiation are sufficient to raise [Ca®*]y
and activate expression of some antioxidant enzymes
eliminating deleterious ROS molecules (Frohnmeyer,
Bowler & Schafer 1997; Frohnmeyer, Grabov & Blatt
1998; Colville & Smirnoff 2008). This is consistent with
our results (Fig. 4), where 20 min of UV-C exposure has
resulted in prolonged (at least 30 min) statistically signifi-
cant elevation in [Ca*],. However, PVX-inoculated
plants had intrinsically lower [Ca*]., values compared
with wild type (WT), and at all times, [Ca®*]¢, values for
PVX-inoculated plants were significantly lower than
appropriate controls (Fig. 4).

The causal relationship between cytosolic Ca*" levels
and oxidative stress tolerance remains to be investigated
in detail. On one hand, application of the calcium channel
blocker lanthanum reduced H>O»-induced [Ca*].y eleva-
tion and concomitantly inhibited expression of the glu-
tathione S-transferase 1, a major detoxifying enzyme in
plant cells (Rentel & Knight 2004). On the other hand,
treatment with H,O, that elicited [Ca*'], increases also
brought about a reduction in activity of another key anti-
oxidant enzyme, superoxide dismutase (Price ef al. 1994).
Hence, it appears that while changes in cytosolic-free
calcium are important to potentiate antioxidant defence
system (Nicotera et al. 1985), a fine balance exists between
the cytosolic calcium homeostasis and activity of major
antioxidants. As shown in this work, PVX-inoculated plants
have much better ability to maintain this balance, as is
evident from both much quicker activation of the plasma
membrane Ca*" efflux systems after UV-light exposure
(Fig. 5b) and from direct measurements of cytosolic-free
Ca* using FLIM technique (Fig.4). Although multiple
mechanisms may exist, the plasma membrane NADPH
oxidase involvement is most likely. It has been shown
before that [Ca*]., activation of NADPH oxidase causes a
further rise in [Ca®*]., via positive feedback mechanisms
(Lecourieux et al. 2002). Thus, more active Ca** removal
from the cytosol in PVX-inoculated plants is essential to
prevent this activation and maintain ROS levels under
control.



10 S. Shabala et al.

The identity of Ca*" efflux systems mediating
virus-induced acquired resistance to
oxidative stress

Two major types of Ca* efflux systems are known in plants:
Ca?* pumps and Ca*/H" antiporters. These differ signifi-
cantly in their affinity for calcium (K, values in the range
0.1-2 mm and 10-15 mm, respectively; Sze et al. 2000; White
& Broadley 2003). Thus, Ca®* carriers appear to be less
selective but more efficient, while Ca?* pumps provide a
more precise control over cytosolic Ca*" levels.

Among pumps, only Ps-type Ca’*-ATPases have been
shown to be located at the plasma membrane (from which
net Ca* fluxes were measured) (Geisler et al. 2000; Axelsen
& Palmgren 2001; Bothwell & Ng 2005). The absence of any
significant difference in Ca*-ATPase activity in the purified
plasma membranes from tobacco leaves between control
and UV-treated plants (Fig.7), or in the Ca*-ATPase
expression level and its ability to bind CaM in the plasma
membrane samples (Fig. 8), suggest that the plasma mem-
brane P,s-type pumps plays no major role in removing
excessive Ca?* from the cytosol under oxidative stress con-
ditions. Instead, several lines of evidence implicate plasma
membrane Ca®/H* exchangers into oxidative stress
responses in our experiments.

Firstly, net Ca* efflux was measured after cell pre-
treatment with Gd* or La*, two known blockers of Ca*-
permeable channels (Fig.6), or some time after UV-C
exposure (Fig. 5). As passive Ca?* efflux is thermodynami-
cally impossible under the conditions of the experiment, the
efflux must be mediated by an active Ca*" efflux system.
Secondly, the only two types of Ca?* efflux systems known
are Ca*-ATPases and Ca*/H" exchangers (White & Broa-
dley 2003) and, as discussed above, our biochemical assays
rule out the involvement of Ca*-ATPases. Thirdly, neither
EY nor EB, two known Py-type Ca?-ATPase inhibitors
(Bush 1995; Beffagna et al. 2005), affected net Ca?* fluxes
(Fig. 6) suggesting that plasma membrane Pys-type Ca®*-
ATPases play no major role in mediating Ca** flux across
the plasma membrane. Finally, both UV light and PVX
infection caused additive increases in plasma membrane
H*-ATPase-catalysed proton pumping (Fig. 8a). Thus, these
stresses cause an increase in the electrochemical proton
gradient that serve as the energy source for co-transport
systems such as plasma membrane Ca*/H' exchangers.
Taken together, these results strongly suggest that a Ca*/H*
exchanger mediates the observed Ca?* efflux, but direct
evidence for this hypothesis remains to be presented.

Ca?"/H* antiporter activity is best characterized for the
tonoplast (Sanders et al. 1999; Hirschi 2001). Although no
direct evidence was presented at the molecular level,
most authors agree that such transporters also operate at
the plasma membrane (Kasai & Muto 1990; Sanders et al.
1999; White & Broadley 2003). Our data reported here
provide an additional support for this idea providing elec-
trophysiological evidence for the presence of such Ca**/H*
exchangers at the plasma membrane in tobacco mesophyll
cells.

Our findings also reopen an interesting debate on
whether viral pathogenesis may be beneficial to plants
under certain conditions (Fraser 1992; Xu et al. 2008). The
beneficial role of viruses in plant hosts is rarely addressed
in the literature. Meanwhile, in the field conditions,
co-occurrence of a variety of different stresses is common,
and a possibility of viral-enhanced abiotic stress tolerance
could be of significant agricultural importance.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the
online version of this article:

Figure S1. Effect of potato virus X (PVX) inoculation on
growth and phenology of Nicotiana benthamiana plants.
Plants were inoculated at 3 weeks. (a, b) Mock control (a)
and PVX-inoculated plant (b) 10 d post-inoculation. (c, d)
mock control (c) and PVX-inoculated plant (d) 25d
post-inoculation.
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content or functionality of any supporting materials sup-
plied by the authors. Any queries (other than missing mate-
rial) should be directed to the corresponding author for the
article.
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